A new modified silica gel doped with 5-(4-dimethylaminobenzylidene)-rhodanine was prepared for separation, preconcentration and determination of silver ion by atomic absorption spectrometry. This new modified silica gel was used as an effective adsorbent for the solid phase extraction of Ag + from aqueous solutions. The variables that influence the adsorption/desorption of trace levels of Ag + were optimized in the column process. The preconcentration factor and capacity of the adsorbent at optimum conditions were found as 220 and 420 mg Ag + per gram of adsorbent, respectively. The relative standard deviation and the detection limit for measurement of Ag + in our experiments were less than 1.5% (n = 10) and 0.02 mg L -1 , respectively. Common coexisting ions did not interfere with the separation and determination of silver ion. The proposed method was successfully applied for preconcentration and determination of silver ion in some spiked water samples.
Introduction
Silver is a useful element in many respects and the determination of low levels of silver is needed because it is often present as an impurity in Cu, Zn, As and Sb ores and their compounds. In addition, low-level exposure to silver compounds is widespread due to the use of soluble silver compounds to disinfect drinking water. 1 The recent information about the interaction of silver with essential nutrients, especially selenium, copper, vitamins E and B12, has focused attention on its potential toxicity. [2] [3] [4] Flame atomic absorption spectrometry is a simple and readily available technique, but its sensitivity is not sufficiently high; therefore, the preconcentration and separation procedure of silver from the matrix is necessary for the determination of this metal in many samples.
The liquid-liquid extraction and separation methods are usually time-consuming and labor extensive, and require relatively large volumes of high purity solvents. Of additional concern is disposal of the organic solvent used, which creates a severe environmental problem. Solid phase extraction (SPE) has known as a powerful tool for separation and enrichment of various inorganic and organic analytes. [5] [6] [7] The basic principle of SPE is the transfer of the analyte from the aqueous phase to bind with active sites of the adjacent solid phase. SPE has several advantages over other techniques, including stability and reusability of the solid phase, high preconcentration factors, ease of separation and enrichment under dynamic conditions, no need for organic solvents, which may be toxic and minimal costs due to low consumption of reagents. The broad variety of available sorbents explains one of the most powerful aspects of SPE, which is selectivity. Sorbents can be mainly categorized as organic based ones (natural polymers, as well as synthetic polymers) and inorganic based ones (silica gel, alumina, magnesia and other oxide species). Among the different adsorbents, silica gel especially immobilized with various organic compounds with metal chelating ability has received great attention. 8, 9 Silica gel-based sorbents present some advantages of mechanical, thermal and chemical stability under various conditions. Immobilization of organic compounds on the surface of the solid support is usually aimed at modifying the surface with certain target functional groups to provide a higher selectivity of the extraction. For this purpose, an organic reagent or a synthesized organic molecule containing the desired organic functional group is directly attached to the support, or to the original chain bonded to the support via a sequence of reactions to increase the main chain, where other basic centers can be added to ensure the enhancement of a specific adsorption. Consequently, ligand-grafted silica gives a set of properties to the surface, which differs considerably from the original matrix. Accordingly, several selective solid phase extractors have been prepared by either physical loading or chemical binding of selected chelating reagents to silica gel for preconcentration of silver ion. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] In this study, an easy and efficient method for the preparation of a modified silica gel sorbent for preconcentration of Ag + ion is introduced. A two-step sol-gel method 28 has been applied for the modification of silica gel and immobilizing of 5-(4-dimethylaminobenzylidene)-rhodanine (DBR) (Fig. 1) 
Experimental

Apparatus
The determinations of Ag + ion and other cations used were carried out with Perkin-Elmer 2380 flame atomic absorption spectrometer under conditions recommended for each metal ion. The pH measurements were made with a Metrohm pH meter (Model 713) using a combined-glass electrode.
Chemicals and reagents
All reagents were of analytical grade (Merck) and were used without any further purification. Silica gel (Merck, 60 -75 mesh), was used as the supporting material. Tetraethoxysilane (TEOS), triethoxyoctylsilane (TEOCS) and DBR were also obtained from Merck. The standard stock solution of silver ion was prepared by dissolving the appropriate amount of silver nitrate in double distilled water. The stock solutions of other ions were prepared by dissolving the appropriate amount of their nitrate or chloride salts in double distilled water.
Preparation of sorbent
For the synthesis of the adsorbent, 2.00 g of activated silica gel, 0.02 g DBR (maximum soluble amount of DBR ligand in the sorbent preparation mixture), 2 mL TEOS, 1 mL TEOCS, 1 mL HCl (0.6 M) and 2 mL ethanol (EtOH), were mixed and the mixture was stirred for 3 h. Then 1 mL NH3 (0.5 M) solution was added to the solution and stirred for 2 h. The resulting mixture was aged in an oven (80˚C) for 1 day. The pink color of the prepared solid is good evidence for the presence of ligands (DBR) in the structure of the sorbent. Due to the hydrophobicity of the sorbent, the sorbent was washed with a 1:1 (w/w) methanol/water mixture before use. The blank adsorbent was prepared using the same procedure, except that no DBR was added.
General procedure
The general procedure for the extraction of Ag + ions was performed as follows. A 0.1 g of synthetic sorbent was transferred into a glass column of 0.5 cm diameter. The column was washed with a 1:1 (w/w) mixture of methanol/water and then with triply distilled water. The pH of the Ag + ion sample solution was adjusted at 3.0 -6.0 by the drop wise addition of diluted (0.1 M) HNO3 or dilute NH3 solution. The sample solutions of 5.0 -100.0 mL containing mg amounts of Ag + ions were passed through the column at a flow rate range of 0.5 -10 mL min -1 . The adsorbed Ag + ion was eluted with 5 ml of 0.05 mol L -1 sodium thiosulfate solution (pH 5) at an elution rate of 1 -5 mL min -1 . The silver concentration in the eluent solution was determined by AAS at 328.1 nm wavelength and 0.7 nm silt width.
Results and Discussion
In order to investigate the ability of DBR as a complexing agent for different transition and heavy metal ions, we carried out some preliminary experiments by the spectrophotometric titration method in ethanol solvent. Among the metal ions Ag , only silver ion shows a good affinity to form a complex with DBR ligand. The related recorded spectrum is shown in Fig. 2 (Figs. S2 -S6 are in supporting information for other metal ions tested). As can be seen, a major change in spectra occurred while the silver ion is added to solution containing DBR ligands. The results from nonlinear fitting of absorbance-mole ratio data shows a 1:1 and 2:1 ligand to metal complexes with log K1 = 7.82 ± 0.20 and log K2 = 3.89 ± 0.02, respectively in ethanol solvent (see Fig. S1 and Table S1 in supporting information).
Some preliminary experiments were carried out in order to investigate the quantitative retention of silver ions by the sorbent in the absence and presence of DBR ligand. It was found that, while the sorbent without loading DBR ligand does not show any tendency to extract silver ions, the DBR-modified sorbents are capable of retaining silver ions in the sample solution quantitatively.
This observation meant that the sorption mechanism could be attributed to the complex formation of silver ion with DBR.
To obtain the optimal conditions, we examined the effects of different factors on the recovery of silver ion by using the procedure described in "general procedure". These factors involve the pH of sample solution, the nature and concentration of eluent, the pH of eluent, and the sample and eluent flow rates. Also the interfering effect of foreign species, and the capacity of the adsorbent for silver ion were studied. The optimization procedure was carried out through a one-at-a-time discipline by varying one parameter while the others were kept constant.
Sample solution flow rate
The effect of sample solution flow rate on the Ag + ion sorption (5.0 mL of 5.0 mg mL -1 at pH 3) was examined in the range of 0.5 -15.0 mL min -1 . The obtained results indicated that, at flow rates lower or equal to 10.0 mL min -1 , complete adsorption of silver ion was achieved (Fig. 3) . However, at flow rates greater than 10 mL min -1 , a decrease in silver ion sorption was monitored. The cases included slight changes in the structure of packed silica in the column (channels were made in the packed materials due to high applied vacuum) and also insufficient contact time of the sample solution with the adsorbent. Thus, a flow rate of 5 mL min -1 was chosen for further studies.
pH of the sample solution
The effects of the pH value of sample solutions on the adsorption and recovery of silver ion solution (5.0 mL of 5.0 mg mL -1 ) were studied in the pH range of 2.0 -8.0. The results are shown in Fig. 4 . As one can see, silver ion was completely adsorbed on the adsorbent over the pH range of 3.0 -6.0. For pH values lower than 3.0 and greater than 6.5, decreases in the amount of adsorbed silver ion were observed, likely due to protonation of the ligand at low pH and competition of hydroxide ion to silver ion at higher (>6.5) pH. In addition, the instability of the silica support at high pH is well known. Therefore, pH 3.0 -6.0 was chosen as the optimum pH range for further studies.
Eluents for desorption of silver ion
In order to choose a proper eluent for desorbing silver ion from the adsorbent surface, we investigated a series of selected eluent solutions such as sodium thiosulfate, HNO3, HCl and H2SO4. The mineral acids both decomposed the modified silica and dissolved the ligand immobilized on the surface of modified silica, so they were rejected as potential eluents. Thiosulfate was found to be an acceptable eluent (the reported overall conditional constants; log b1, log b2 and log b3 for different Ag + -thiosulfate complexes are 8.82, 13.40 and 14.15, respectively). 29 Aliquots of 5.0 mL of 5.0 mg mL -1 silver ion solution were passed through a series of columns containing 0.10 g of adsorbent. A total volume of 5 ml of 0.05 mol L -1 of sodium thiosulfate solution was used for desorbing of adsorbed silver ions. The amount of silver ion extracted into the liquid phase was measured using FAAS. The recovery was 100 ± 1.0% when sodium thiosulfate solution was used as the eluent.
Thiosulfate concentration
The concentration of thiosulfate eluent, in the range 0.005 -0.10 mol L -1 was varied for testing the desorption of Ag + ions from the columns. As is shown in Fig. 5 , at concentrations more than 0.025 mol L -1 , thiosulfate completely desorbed the Ag + ions from sorbent surface. Therefore, a concentration of 0.05 mol L -1 of thiosulfate was selected for further studies.
pH of the eluent solution
To find the optimum pH value of the eluent solution, we used a series of thiosulfate solutions with different pH values. These results are shown in Fig. 6 . It is evident that at pH near 5.0, quantitative recovery is achieved.
Effect of volume and flow rate of the eluent solution
The effect of the volume of eluent solution on Ag + ion recovery was also studied. The percent of recovery of silver increased with increasing volume of thiosulfate up to 4.0 mL and remained constant at higher volumes of thiosulfate solution. Therefore, the optimum volume of the eluent was chosen as 5.0 mL. Also the effects of eluent flow rate at 1, 3, 5 and 10 mL min -1 were studied. The obtained results indicated that the recovery remained constant in the selected range of eluent flow rate. The eluent flow rate has no significant effect on the analysis time of experimental run. Therfore, to avoid any remaining of silver ion on the sorbent, we usually took the flow rate of eluent as equal or less than 5 mL.
Adsorption isotherm modeling and determination of maximum capacity of sorbent
The Langmuir isotherm model was applied to the determination of the maximum capacity of sorbent and to the characterization of the interactions of silver ions with the sorbents. 30 The Langmuir model is based on the assumption that maximum adsorption occurs when a saturated monolayer of solute molecules is present on the adsorbent surface, when the energy of adsorption is constant and when there is no migration of adsorbate molecules in the surface plane. This is represented by the linear form of Langmuir isotherm as the following equation.
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where qeq and qmax are the equilibrium and maximum uptake capacities (mg g -1 sorbent), Ceq the equilibrium concentration (mg L -1 ) and b a constant. For investigation of adsorption isotherm of silver ion in solution, the same volumes of silver ion solution with different concentrations of silver ion were passed from a column that was packed with 0.10 g of sorbent. The adsorption isotherm based on the linearization form (Eq. (1)) is shown in Fig. 7 . This figure shows that the process conforms to the Langmuir model. The maximum adsorption capacity (qmax) for cation-surface interaction was determined from the slope, and was found equal to 416 mg g -1 .
Sample volume (breakthrough volume) and enrichment factor
The breakthrough volume of sample solution was tested by passing sample volumes of 20 to 1200 mL containing the 20 mg of silver ion through the column. The sample volume did not affect the recovery of silver ions up to 1100 mL. At higher volumes, the percent of recovery decreased. Consequently, by considering the final elution volume of 5.0 ml and the breakthrough volume of 1100 mL, one could achieve an enrichment factor of 220.
Effect of foreign ions
The percent recovery of silver ion was investigated in the presence of different cations (which were likely to compete with silver ion to form complexes with immobilized DBR ligands) and anions (which might to form complexes with silver ions) in five synthetic mixture solutions. The results are given in Table 1 . The results indicated that relatively high concentrations of most ions tested did not interfere with separation and determination of silver. Such absences of interference effects of cations (at selected concentration) are expected because their tendencies to form complexes with DBR ligands are less than that of silver ion. Some anions, iodide and bromide ions can seriously interfere with at concentrations above 10 mg mL -1 because of their formation of different stable complexes with silver ions. 29 Although interference by these anions seems to be relatively high, they do not interfere at the concentrations normally found in natural waters.
Analytical figures of merit and reusability
The reproducibility in the determination of silver ion was followed under optimized sorption/desorption conditions for silver ion solution (5.0 ml, 5.0 mg mL -1 ). The relative standard deviation (RSD) was found to be <1.5% up to 10 cycle runs, reflecting its good mechanical stability and reusability feature. The limit of detection (LOD) calculated, based on 3s of 10 measurements of the blank sample, was 20 ng L -1 .
In Table 2 , the figures of merit and other specification of work and other reported SPE methods are summarized for comparative purposes. These methods could be divided into three major groups based on the support/sorbent materials (C18 silica membrane disk, organic support and modified silica gel). Among these sorbents, modified silica gel seems to be more adequate as a packing material for column processes and on-line purposes. Although modified silica gels with covalently bonded of the ligands to the silica surface show more stability compared to physical ligand entrapment methods, their use may limited by the greater number of chemical reaction steps and by the presence of functional groups with ability to bond to silica surface. In addition, the complexation ability of the bonded ligand with the analyte may be decreased because of the steric hindrance or by decreases in the flexibility of the bonded ligand. So, in the cases of organic ligands with low solubility in water, the physical entrapment methods such as sol-gel methods are preferred. As could be seen from Table 2 , with FAAS determination, the detection limit, preconcentration factor and capacity of the proposed method are better than or comparable with those obtained with other sorbent materials. In addition, the proposed SPE showed a good selectivity because of the inherent selectivity behavior of the entrapped ligand (DBR) for silver ion. However, one should take into account that the proposed SPE-FAAS method consists of simpler steps for preparation of sorbent and much lower costs of equipment and running.
Analytical application
The performance of the proposed method for the analysis of natural water samples was tested by spiking samples of spring water and tap water with 10, 20, and 50 ng mL -1 of silver ion. The obtained results are given in Table 3 . As the results show, the proposed method is suitable for the preconcentration of silver ion at the ng mL -1 level in real samples of water.
Conclusions
This work demonstrate the tremendous possibilities offered by the solid phase extraction of trace amounts of Ag + ion in water samples based on selective complexation reaction of silver ion with 5-(4-dimethylaminobenzylidene)-rhodanine (DBR). The sol-gel processes were used to perform simultaneous modification of silica gel and immobilization of DBR ligand. The determination of silver ion was followed by flame atomic absorption spectrometry. An enrichment factor of 220 and RSD less than 1.5% were achieved. The proposed method is suitable for the preconcentration of silver ion at the ng mL -1 level in real samples of water.
Supporting Information
Complexation of DBR with some heavy and transition metal ions in ethanol solution. This material is available free of charge on the Web at http://www.jsac.or.jp/analsci/. 
